Abstract : Recently, planetary investigations have accumulated basic data through various aerospace explorations. However, the investigations of underground such as moonquakes, heat, and conditions of the soil have not revealed much. Therefore, the authors have developed a novel, small planetary subsurface excavation robot that uses the peristaltic crawling of an earthworm as its underground propulsion method. In this study, the authors focused on two types of geotechnical tests: pressure meter and shearing tests using the excavation robot. These tests were conducted by measuring displacement and force in the radial and vertical directions inside the soil, using the excavation robot's own hardware system. This paper describes these geotechnical tests, which used the propulsion unit of the robot and measured the soil parameters, e.g., internal friction angle, adhesibility, and elastic constant. From the experiments, the authors evaluated and discussed results by comparing with reference data. The authors confirmed that the propulsion unit could measure the soil parameters and propel itself underground at the same time.
Introduction
Recently, various planetary explorations have been conducted with the aim of elucidating the planet's history and discovering new resources. However, subsurface investigations of the Moon and planets to discover phenomena such as moonquakes, heat distribution, and underground conditions have received little attention. Subsurface investigation that is the setting of a seismometer and the sampling of lunar soil, could not only explain the origins of the planet but also aid in the development of planetary workstations [1] . Currently, elucidation of the lunar crustal structure becomes a priority for future lunar explorations. Hence, robots that can undertake these missions are essential.
Soil excavation on Earth is typically performed by boring machines [2] . However, these machines tend to be large, because the length of the drill is the same length as the target excavation depth, and this requires a large and heavy base to restrain the excavating reaction force. Therefore, a small, lightweight excavation robot is ideal for planetary investigations.
Small, unmanned subsurface excavation robots have been developed, e.g., PLUTO [3] , percussive heat flow probe [4] , moletype drilling robot [5] , autonomous burrowing screw robot [6] , and a robot that uses a self-turning screw mechanism [7] . PLUTO, which is equipped with a spring-loaded hammer and a sampling device on its top, can excavate to a depth of about 2000 mm but it contains insufficient space for a seismometer. Percussive heat flow probe, which has a diameter of 25 mm * Faculty of Science and Engineering, Chuo University, 1-13-27 Kasuga, Bunkyo-ku, Tokyo, Japan * * Chuo University, 1-13-27 Kasuga, Bunkyo-ku, Tokyo, Japan * * * Japan Aerospace Exploration Agency (JAXA), Sagamihara, Japan E-mail: a mizushina@bio.mech.chuo-u.ac.jp (Received June 18, 2014) (Revised February 18, 2015) and is equipped with a hammering system, has successfully excavated to a depth of about 900 mm. However, it was reported that the probe had difficulties controlling the drill-hole diameter. Mole type drilling robot and autonomous burrowing screw robot are sensitive to earth pressure and shift while contacting the surrounding soil. In addition, their excavation depth is rather limited, because of disadvantages in discharging soil. The robot that uses a self-turning screw mechanism has difficulty sampling lunar soil and consumes large amounts of power.
To resolve these problems, we adopted the peristaltic crawling of the earthworm as a robotic locomotion mechanism. This locomotion enabled a robot to move stably and sustain its position against excavation reaction forces. We applied this mechanism to a planetary subsurface excavation robot. It consisted of two units: a propulsion unit, which made it possible to move vertically inside a hole by peristaltic crawling, and an excavation unit, which made a hole in front of itself using an earth auger. Previously, we had demonstrated the potential of the robot as an excavation robot [8] .
In this paper, we propose geotechnical testing using an excavation robot with peristaltic crawling in order to execute excavation that considers the underground environment. This robot pushes the wall of the hole by the propulsion unit and supports its body. Therefore, we think the maximum coefficient of friction that is calculated from the test can derive the appropriate pushing force.
Geotechnical tests in the ground are commonly conducted by large testing machines [9] . However, many such machines cannot excavate a hole. We therefore suggest our robot as a testing machine that can excavate a hole and also survey underground. The divergence of the propulsion actuators enables the robot to measure the approximate soil parameters. First, we conducted a fundamental experiment with one of three subunits that com-JCMSI 0004/15/0804-0242 c 2014 SICE prised the propulsion unit. Next we demonstrated geotechnical tests with the propulsion unit and three subunits in order to evaluate the robot as a geotechnical testing machine. In the experiment, two tests, a pressure meter test and a shearing test, which are known as common geotechnical tests, were conducted with the subunit. We examined the possibility of geotechnical testing by the proposed method, using our robot.
Peristaltic Crawling
The earthworm moves by peristaltic crawling [10] , [11] , which is accomplished by extension and contraction of numerous body segments, as shown in Fig. 1 . At the start of peristalsis, the anterior segments are contracted and extended, propagating the contraction to the next segment. The contraction/extension mechanism progresses as a wave from front to back segments. The friction between the segments and the ground is sensed by the surrounding bristles of the contracting segments, providing a reaction force that propels the extended segments forward.
The advantages of peristaltic crawling are threefold: it requires less space than other locomotion methods, the large soil contact area ensures stable movement, and the excavated soil can be backward-discharged by ingestion. All of these features are incorporated into our planetary subsurface excavation robot. 
Concept of the Excavation Robot

Composition of the Excavation Robot
Our excavation robot consists of two units: the propulsion and excavation unit. Figures 2 and 3 show the propulsion and excavation unit, respectively. Figure 4 shows the developed excavation robot, and Table 1 lists its specifications. The propulsion unit is simulated peristaltic crawling by actuating the expansion and contraction of three subunits. Although peristaltic crawling requires more than three subunits, the minimum num- Fig. 2 Propulsion unit. ber (i.e., three) is employed for the purpose of reducing size and weight. The excavation unit excavates, conveys, and discharges the soil by means of an earth auger. Because the head of the earth auger makes space for the propulsion and transport part fitte inside the robot, the drilling diameter tapers from front to rear. Figure 5 shows the excavation procedure used by our robot. First, in the phase (a) there is an initial state, in which all subunits contract. Next, in the phase (b) the forehead subunit extends in the downward direction. The earth auger rotates during the phases (a) and (b). In these phases, the robot moves downward while excavating the soil in front of it. The middle and rear subunits maintain their position against the maximum excavation reaction forces. In any case, the extending subunit is not influenced by the friction between the subunit and the wall of the hole, because it does not contact the surroundings. Then the robot ejects the excavated soil by the earth auger conveying it rearward of the robot during the phases (b) through (d). The propulsion unit propagates a wave of extension from front to rear subunits. Finally, the robot can return to the initial state by the rear subunit contracting between the phases (d) and (a). This process repeats, so that the robot can excavate a hole. 
Procedure of the Excavation with Excavation Robot
Estimate the Pushing Force of the Propulsion Subunit 4.1 Mechanism of the Propulsion Subunit
The propulsion subunit consists of a DC motor, two ball screws, expansion plates, and a dual-pantograph mechanism, as shown in Fig. 6 . Table 2 shows its specifications. The mechanism converts the contraction force W of the subunit into the pushing force F, on the surface of wall. Equation (1) relates the contraction force W to the pushing force F, and θ is the arm angle of the dual-pantograph mechanism:
This equation is used to estimate the pushing force that is used for geotechnical testing. 
Estimate of the Pushing Force of a Subunit
We need to investigate the pushing force against a wall, which is generated by a propulsion unit in order to conduct a geotechnical test. In this section, we carry out a study on the method for estimating the pushing force. The force is estimated by using a DC motor and an encoder mounted on the propulsion subunit, without any pressure or force sensors. Reducing the number of mounted devices makes the robot lighter and the measurement simpler. First, we explain the relationship between the motor current I, the contraction force W, and pushing force F. The thrust force F a is given as (2) , when torque T is supplied to the subunit:
T : Motor torque η : Efficiency of a ball screw l : Lead of a ball screw
The contraction force W is simply the force in the opposite direction to the thrust force due to the ball screw mechanisms. The contraction force W is proportional to the current I from (2), since the torque increases proportionally with the current. We therefore conducted measurement experiments of the contraction force with a view to finding out the actual relationship between the contraction force W and the current I. Figure 7 (a) shows the setup of the contraction test. First, the contraction force W per constant current values is measured thrice. Next, the force-current relationship is derived by approximating the average by means of the least-square method. Figure 8 shows the results of the experiment. We confirmed that the contraction force W increased relative to the current I. Then we used the relationship to estimate the pushing force of the propulsion subunit against surface wall. (2):
The variables a 1 and b 1 are the parameters of the unit properties obtained by measuring the contraction force. We calculated a 1 = 1.1242 and b 1 = −141.69 from the graph in Fig. 8 . Using (1) and (3), the pushing force F is expressed as (4) . Losses in the mechanism of the unit occur when the contraction force W is converted to the pushing force F:
The variables a 2 and b 2 , which are values in consideration of the losses, are the parameters of the unit properties obtained by measuring the pushing force. Therefore, we calculated a 2 = 0.9842, and b 2 = −141.69. Figure 9 shows a graph that compares the calculated and measured values. The calculated values are developed from the relational expression of the contraction force and the model equation of the dual-pantograph mechanism. We can estimate the pushing force using a propulsion subunit, because we show almost the same tendencies from a relational expression.
Method of Geotechnical Measurement
Method of the Pressure Meter Test in Borehole
In this section, we describe the application method of the pressure meter test on the robot. The pressure meter test is one of the more common geotechnical tests. In this test, the testing machine that expands in the radial direction is set inside a borehole. Then, the elastic constant is measured by determining the stress-displacement diagram, which is obtained by measuring the reaction force against the wall surface and the expansion displacement when the machine expands [12] . Figure 10 shows the method of the pressure meter test with the excavation robot. The properties of the surrounding soil can be measured by extending subunit 1 while subunit 3 expands and holds the position of the robot. First, the displacement in the radial direction is measured by the encoder of subunit 1 as it expands. Then, the elastic constant can be investigated by measuring the force exerted on the wall surface by using the relationship between the current value of the motor and the encoder. 
Method of the Shearing Test in a Borehole
In the shearing test, the wall surface of the soil is sheared by vertically lifting an expanded testing machine. We then measure the shearing force and calculated the strength parameter: the internal friction angle φ and the adhesibility c from the Coulomb failure criterion formula. Figure 11 shows the method of the shearing test with the excavation robot. In this test, subunit 1 is lifted by contraction of subunit 2 after the pressure meter test described in the previous section. We then measure the shearing force by investigating the motor load of subunit 2 from its current value and confirm the strength parameter of the soil. A shearing subunit is determined from the difference of the pushing forces between subunits, when the friction coefficient of the soil wall surface along the total length of the propulsion unit is to be considered as approximately uniform. Subunit 3 can sustain the robot's position without slipping and sheared subunit 1 when the pushing force of subunit 3 is larger than that of subunit 1. Using this difference, we can conduct the shearing test in a borehole, with the excavation robot. 
Geotechnical Measurement with a Propulsion Unit
Geotechnical Test with a Propulsion Subunit
Pressuremeter test in borehole
In this section, we assumes the motion of only subunit 1 shown in Fig. 10 and conducts geotechnical testing with a propulsion subunit. Soil in a hole with a diameter of 130 mm is used for an initial experiment. First, we describe how to make the hole. Acrylic pipe with a 130 mm outside diameter is set in the center of the container. Reddish soil is placed around the acrylic pipe 1 cm at a time, and the outside of the container is continuously struck in order to pack the soil by vibration. The soil surface is then rammed down by a weight of approximately 1 kg. This procedure is repeated until the height of the soil is level with that of propulsion subunit. Finally, the acrylic pipe is withdrawn from the soil. Figure 12 shows the formed hole by the procedure. In this experiment, we consider the hole as an excavation hole and measure the pushing force by setting the propulsion subunit into the hole.
The pushing force and displacement of the expansion plate are calculated using the current value of the motor and the output value of the encoder, respectively. The surface area of the expansion plates is considered, and a stress-displacement diagram is made. In this experiment, the pushing forces were measured every 10 N. The maximum current value of the motor was fixed at 350 mA based on the relationship of the motor torque rating. We calculated the coefficient of subgrade reaction from this diagram and confirmed the transition of the elastic, yield, and fracture regions. Figure 13 shows the stress-displacement diagram from the experiments. The elastic constant of the soil is calculated using the gradient of the straight section of the diagram and the equation established in the exploration of ground issued by the Japanese Geotechnical Society [12] . Equation (5) is for computation of the elastic constant. This equation is used for a Ctype; a structure form assuming a part of the cylindrical surface as stacking plate:
d : Initial diameter of the borehole ν :
Poisson's ratio β :
Curvature of the plate φ(ν, β) : Constant fixed by ν and β k :
C o e fficient of subgrade reaction
The stress for the displacement of the expansion plate changes in the stages between (a) and (b) is shown in Fig. 13 . It is thought that this was because the soil condition alternated between yield and fracture. In this result, the coefficient of subgrade reaction is defined as the gradient of the elastic region (b) shown in Fig. 13 because this region (a) is narrow. At that time, the coefficient of subgrade reaction k equals 0.0305, and the curvature of the plate β is 90 degrees from the construction of the unit. It is difficult to define Poisson's ratio because the soil cannot be identified as undrained shear. Therefore, Poisson's ratio is equal to 0.33 or 0.3, and the elastic constant is calculated [12] . In this experiment, Poisson's ratio ν is defined as 0.3. We calculate the elastic constant E with typical constant φ(ν, β) = 1.040. Table 3 shows the parameters used for the calculation. By putting these values into (5), the elastic constant E is 2.06E + 3 kN/m 2 . Fig. 12 Preparation of the pressuremeter test. 
Shearing test in a borehole
We conduct the shearing test when the expanding propulsion subunit is lifted vertically in the hole after the pressure meter Table 3 Parameters of the pressure meter test (metal subunit). test described in the previous section. Figure 14 shows experimental setup. The elevation of the slider is controlled by the DC motor. The load cell is fixed on the slider, and the wire connects the load cell and the subunit. Therefore, the slider vertically lifts the propulsion unit with the constant force measured by the load cell. In this experiment, the maximum coefficient of static friction μ is obtained from the shear stress when the subunit is lifted. The strength parameter, the internal friction angle φ, and the adhesibility c are then calculated from the value and (6) derived from the Coulomb failure criterion equation:
Shearing force σ :
Normal stress tan φ : Maximum coefficient of static friction
In this experiment, the pushing forces corresponding to motor currents of 160, 170, 180, and 190 mA were measured, and the propulsion subunit was vertically lifted. Figure 15 shows the graph of shearing stress vs. each normal stress. It is obtained, through the experiments, from the pushing force F and the shearing force τ. Considered the resistance force from contact (except the expansion plate) when the subunit was lifted vertically, the internal friction angle φ was 48.5 degrees, and the adhesibility c was 5.83 kN/m 2 from the graph and (6). According to Lundgren's calculation method for the internal friction angle of the soil [13] , the indication of the angle of the reddish soil used in the experiments was between 36 degrees and 43 degrees. The value of the angle acquired from the experiment was slightly high. The adhesibility tended to change drastically with the compaction and moisture conditions of the soil. It is thought that the measured value is higher than the reference value because the soil is compacted to nearly the maximum density, and the aluminum cylindrical container is small for the subunit in this experiment. 
Geotechnical test with the Propulsion unit
Pressure meter test in borehole
In this section, we describe the geotechnical test with a propulsion unit consisting of three propulsion subunits. We alternately conduct the pressure meter test and the shearing test. In this subsection, the experimental results are described from the pressure meter test. Figure 16 shows the propulsion unit of three subunits used as a testing robot, and Fig. 17 shows the experimental setup. A hole having the same diameter as the unit diameter is used, and the robot is set inside it. A wire sensor above the robot measures the distance, which indicated the vertical displacement of the robot throughout the experiments. We change the pushing force every 5 N within the range of 40 to 100 N and every 10 N in the range of from 100 to 150 N. We conduct the test based on the method described in the exploration of the ground. The stress-displacement diagram is then made using the same procedure as in the previous section. The equation used in this experiment is C-type. Table 4 shows the parameters used in the computations. We calculate the coefficient of subgrade reaction from this diagram and confirm the transition of the elastic, yield, and fracture regions. Figure 18 shows the stress-displacement diagram when the pushing forces were 50 and 140 N, as examples of the experimental results. Table 5 shows each average, maximum, minimum, variance, and standard deviation of the coefficient of the subgrade reaction k, which were calculated from the measured results and the elastic constant E, which was calculated from the value. In Fig. 18 (a) , the yield and fracture regions were Table 4 Parameters of the pressure meter test. confirmed in the range from 40 to 130 N. Conversely, the stress for displacement of the expansion plate changes in stages, and the two regions that would be the elastic region were confirmed in Fig. 18 (b) . It is thought that this was because the soil wall was reformed after it yielded and fractured from the pushing, and the elastic region changed into the plastic region. Figure 19 shows the graph comparing this test with an already-known uniaxial compression test. The elastic coefficient measured in this test is slightly higher than a value for reddish soil measured in the uniaxial compression test. However, we confirm that the value is substantially coincident with the known value established by the uniaxial compression test.
Shearing test in a borehole
In this subsection, we describe the experimental results of the shearing test with a propulsion unit. The strength parameters: internal friction angle φ and adhesibility c are calculated using the same procedure as in the previous section.
In this experiment, subunit 2 vertically lifted subunit 1 after the expansion of subunit 1. We confirmed the fixing of the robot by using a wire sensor. Figure 20 shows the graph of pushing stress σ vs. shearing force τ graph obtained from the experiment. The internal friction angle φ of 25.2 degrees was from the graph and equation (6) . This value was slightly lower than the references: from 36 to 43 degrees of the soil angle by Lundgren's calculation [13] . The adhesibility c could not be accurately calculated because the value was negative. It was thought that this was because the load was applied to subunit 2 in the vertical downward direction when only subunit 1 was contracted in the pressure meter test, as shown in Fig. 10 . To solve this problem, we thought that subunit 2 should be extending when the subunit 1 was contracting, so that the load would not be added to subunit 2. Additionally, we also considered that the small soil container for the testing robot affected the internal friction angle and adhesibility. As the results of this and the previous sections have shown, the geotechnical tests need to be conducted in a larger land area having even density to some extent, to confirm validity of the values. However, in these experiments, we confirmed that the excavation robot could measure the approximate properties of soil.
Conclusion and Future Work
In this study, we performed geotechnical tests using an excavation robot. The utility of our robot as an excavator was confirmed in the conventional research results. Then the possibilities for the geotechnical testing were shown in these experiments without adding any hardware, such as a force sensor. The results are summarized below: 1) The methods of two geotechnical tests were proposed: pressure meter and shearing tests using the excavation robot with peristaltic crawling.
2) The pushing force of the propulsion subunit to measure the loading stress and displacement necessary for geotechnical tests was estimated.
3) The elastic constant and the strength parameter were calculated using a propulsion subunit and a propulsion unit during the geotechnical tests.
In the future, we will conduct the basic geotechnical tests in larger land areas and discuss the reliability of the results. We will improve the accuracy of the geotechnical test and aim to realize an excavation robot that can excavate a hole and explore the ground.
